A collection of subterranean clover (Trifolium subterraneum L.) genotypes from Sardinia was evaluated for the content of oestrogenic isoflavones to assess differences in total and individual compounds. Daidzein, genistein, and their respective 4'-methoxy derivatives biochanin A and formononetin, were detected in leaves and quantified by GC/FID and GC/MS methods. A large variation among genotypes for individual compounds and for the total isoflavone concentration was observed. Total isoflavones were measured in the range 0.8-13.4 mg/g fresh weight (0.3-4.5% dry matter). Daidzein was usually present in lower amount compared to the other isoflavones. Genistein and biochanin A were found in most cases in higher concentration than formononetin. Phyto-oestrogens have been shown to have both oestrogenic and anti-oestrogenic properties, and their effects entail a positive role for the human health. T. subterraneum revealed the presence of higher concentration of isoflavones compared to other sources of these compounds, e.g. soybean (Glycine max (L.) Merrill) and red clover (Trifolium pratense L.). This study provided information on the biodiversity of the natural strains from Sardinia, emphasizing the importance of these genetic resources for their variation in the amount of total and individual isoflavones.
Subterranean clover is the common name for three sub-species, viz. subterraneum, brachycalcycinum, and yanninicum of T. subterraneum, native to the Mediterranean region [1] . Plants are prostrate annuals with stems up to 25 cm long and leaflets with various dark or pale markings. It flowers producing a small head of white to pink flowers. Forming pods are forced into the ground and are protected by the enlarged remains of the sterile flowers which form a burr. Widespread in its area of origin and naturalized in other areas, this species represents an important forage resource [2] .
As in other Trifolium spp., subterranean clover is known to produce significant quantities of the oestrogenic isoflavones daidzein, genistein and their respective 4'-methoxy derivatives biochanin A and formononetin (Figure 1 ), which have been isolated in the free and 'bound' form [3] . Other components, such as isoflavonols (2-hydroxyisoflavone derivatives), were also found in lower amount [4] . In Trifolium spp., isoflavones are reported to occur as glucosides, glucoside malonate esters, or free aglycones and to be stored in the plant predominantly as the more polar malonylglucoside conjugates [5] .
Isoflavones in T. subterraneum are reported to induce reproductive abnormalities in grazing animals, causing severe declines in fertility when large quantities are ingested, due to cumulative effects [6] . For this, the selection of T. subterraneum varieties with low isoflavone content has become a primary objective of the breeding programmes for this species, mostly aiming at selecting genotypes with low concentration of formononetin, which is recognised as the biologically most active isoflavone [7] [8] .
In addition to the known oestrogenic properties, phyto-oestrogens may play a beneficial role for the human health. These compounds display oestrogenlike activity because of their structural similarity to human oestrogens and because they exhibit high affinity binding for the oestrogen receptor β [10] . In this context, it is significant that several works in recent years have focussed on improving the knowledge on their role in the human nutrition [11] .
Soybean is a rich source of daidzein and genistein, containing quantities of milligrams per gram of food [12] . The same compounds can be also found in a number of vegetables and pulses [13] . Another known source of phyto-oestrogens is red clover, in which these compounds, in particular formononetin and biochanin A, have been reported to be 2-to 10-fold more abundant than in soybean seeds. Products containing extracts of powered red clover material are thus currently being sold as nonprescription food supplements [14] . T. subterraneum has also been reported to contain these compounds [8] and could be considered as an alternative source of phyto-oestrogens. 
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Isoflavone content in the plant material is affected by several factors, such as cultivar, phenological stage, environment and postharvest sample preparation [14] [15] . It was reported that most isoflavones in red clover are glycosylated, with only a small percentage present in the aglycone form [5, 16] . Red clover glucosylated isoflavones are, however, highly unstable. They are thermolabile and are also quickly broken down to their corresponding form by native β-glucosidases upon the disruption of cell compartmentalization during the extraction process [5] . Different isoflavone concentrations have been detected in the different parts of the plant, and the glucoside conjugate profile was affected by postharvest drying methods used for sample preparation [14] [15] .
In the present work, 64 native genotypes of T. subterraneum collected in the island of Sardinia, Italy, were analyzed. They were grown ex-situ, and leaf material was sampled from each genotype at the early-flowering stage. At this stage, higher phytooestrogen concentration has been reported [8] . The fresh plant material was used, and isoflavones extracted with ethanol after their enzymatic hydrolyses. The cell disruption, performed by crushing leaves with acid-washed sand, allowed endogenous enzymes to convert the occurring glycosides into their aglycones [17] . Therefore, the quantification of isoflavones in this study represent the total isoflavone concentration, including glucosylated and aglycone forms.
GC/FID and GC/MS methods were used in this work for the phyto-oestrogens evaluation in the plant samples. Although sample pre-purification is needed and the use of an internal standard is necessary to correct for losses, GC methods are often used for their higher resolution and sensitivity compared to HPLC [18] . Sample pre-purification was performed by C 18 column on which isoflavones were adsorbed in 30% aqueous ethanol and quantitatively released in 80% aqueous ethanol. Several compounds, such as sugars and pigments, were completely removed from the sample. The GC analysis of the whole extract did not show interfering peaks, except for the presence of sugars, of which sucrose was the dominant GC peak, well separated from the peaks of isoflavones. The isoflavone extracts were then treated with a mixture of pyridine, hexamethyldisilazane (HMDS) trimethylchlorosilane (TMCS), 9:3:1, to obtain the corresponding trimethylsilyl ethers. This silylation mixture was used to avoid the formation of artifacts [19] .
Apigenin was used as internal standard, as this compound is chemically analogous to the samples being analysed, and has a suitable retention time (Figure 2 ). The compound identification was carried out by comparison of their retention time and MS spectra with those of reference standards and literature data [19] [20] . As shown in Figure 2 , the base peak of the trimethylsilyl ether of formononetin and daidzein are their molecular ion, detected at m/z 340 and 398, respectively, from which the loss of one methyl radical yields the rather intensive peaks at m/z 325 and 383, respectively. The molecular ions of biochanin A (m/z 428) and genistein (m/z 486) are of very low intensity, due to the loss of one methyl radical from the trimethylsilyl group attached to the oxygen at C5, to give the more stable M-15 ion, base peaks at m/z 413 and 471, respectively.
The phyto-oestrogen content in the subterranean clover samples was determined using a calibration graph and the results are reported in Table 1 . Biochanin A, genistein and formononetin were quantified and reported for all the samples, while daidzein was usually present in lower amount than the other isoflavones (less than 0.1 mg/g fresh weight) and, therefore, will not be further considered in this discussion. A large variation among genotypes for individual compounds and for total isoflavone content was detected. Biochanin A and genistein were found in most cases in higher concentration than formononetin. A high total isoflavone content, ranging from 4.1 to 13.4 mg/g fresh weight, -corresponding to 1.8-4.5% dry matter (DM) -was detected in 31 T. subterraneum strains; a medium content (average of 3.9 mg/g fresh weight, or 1.6% DM) was recorded in 15 strains; and a low content, with an average of 1.5 mg/g fresh weight (0.6% DM), was detected in 18 strains. Differences in the amount of individual isoflavones among subterranean clover genotypes characterized by high total isoflavone content were also observed (Table 1 ). In particular, several strains showed high concentration of one isoflavone associated with a lower content of the two other compounds. High content of biochanin A (5.1 mg/g fresh weight, or 1.7% DM) and low content of genistein (2.1 mg/g fresh weight, or 0.7% DM) and formononetin (0.4 mg/g fresh weight, or 0.2% DM) were observed in 2 genotypes; high content of genistein (5.4 mg/g fresh weight, or 2.0% DM) and low content of biochanin A (1.4 mg/g fresh weight, or 0.5% DM) and formononetin (0.6 mg/g fresh weight, or 0.2% DM) were observed in 14 genotypes; and high content of formononetin (3.4 mg/g fresh weight, or 1.5% DM) and low content of biochanin A (1.0 mg/g fresh weight, or 0.5% DM) and genistein (1.3 mg/g fresh weight, or 0.4% DM) were observed in 4 genotypes. In addition, 11 strains had high concentration of both genistein and its 4'-methoxy derivative biochanin A (4.2 mg/g fresh weight, or 1.5% DM, and 3.8 mg/g fresh weight, or 1.4% DM, respectively), together with low content of formononetin (0.8 mg/g fresh weight, or 0.3% DM).
The data here reported indicate that T. subterraneum contains higher concentration of isoflavones compared to other sources of these compounds, such as soybean and its derivatives, in which phytooestrogens were quantified in the range 0.01-3 mg/g wet weight [11] , and red clover, in which they were up to 14.5 mg/g (that is, 1.45%) DM [14] . The isoflavone concentration in subterranean clover is therefore manifold higher than in soybean or red clover. Soybean is characterized by the presence of daidzein and genistein as the main compounds, and red clover by formononetin and biochanin A as dominant aglycones. Subterranean clover represents an interesting new source of these compounds for their quantitative amount as well as the pattern of concentration of all individual isoflavones, except daidzein. For instance, three genotypes in this study were noteworthy for their remarkably high total isoflavone concentration, reaching 11-13 mg/g fresh weight, or 4-4.5% DM. At the same time, it is of interest that some genotypes were detected which associated a cumulative concentration of genistein and biochanin A exceeding 4% DM with formononetin levels lower than 0.2% DM, considered to be a safe amount of this isoflavone to exclude health problems in feeding animals [7, 8] . The variation among genotypes was such that two of them did not even reach 1 mg/g fresh weight (0.3% DM) of total isoflavone concentration.
Native strains of subterranean clover seem to represent, therefore, a valuable reservoir of germplasm to meet possibly diversified breeding purposes. Should the selection aim to varieties with low content of biologically active isoflavones destined for feeding purposes or, alternatively, to varieties with high phyto-oestrogen concentration as raw material for the nutraceutical industry, the existing genotypic variants warrant the possibility of pursuing both aims. An additional asset of subterranean clover is that the detected variants could be easily fixed in a cultivar, unlike for instance in red clover, owing to the inbreeding mating system of T. subterraneum.
Experimental

Chemicals and standards:
The standards of apigenin, biochanin A, daidzein, formononetin and genistein were from Extrasynthese (Genay, France). Octadecyl (C 18 ) disposable extraction columns (500 mg) were from J.T. Baker (Phillipsburg, NJ, USA). Ethanol and water of HPLC grade, acid-washed sand, pyridine, hexamethyldisilazane (HMDS) and trimethylchlorosilane (TMCS) were obtained from Merck (Darmstadt, Germany).
Plant material:
A collection of 64 genotypes of T. subterraneum singled out from Sardinian germplasm was grown at ISCF, Lodi during late winter-spring 2005. Leaves from plants at flowering stage were collected and analyzed for isoflavone content. Leaves were also sampled for dry matter determination, performed after drying the samples at 60ºC for three days.
Hydrolysis and extraction: 250 mg of fresh leaves were placed in a test tube containing about 50 mg of acid-washed sand, and crushed with a glass rod. After standing 15 min at room temperature, 0.9 mg of apigenin (internal standard) and 1 mL of ethanol were added and sonicated for 5 min. After centrifugation at 3000 g, ethanol was removed and the sample was extracted again with ethanol (2 × 1 mL).
Sample cleanup:
The combined organic solutions were diluted with water (7 mL) and applied onto a C 18 column preconditioned with 30% ethanol. The column was washed with 30% ethanol (2 mL) and compounds were eluted with 80% ethanol (2 mL). The solvent was removed under a stream of N 2 and the obtained purified extract was used for the subsequent determination.
Derivatization:
The dried extract was treated with 0.5 mL of pyridine/HMDS/TMCS, 9:3:1, sonicated for a few minutes and then heated for 60 min at 60°C. After cooling, 0.2 μL of this solution were used for GC/FID and GC/MS analyses.
GC/FID and GC/MS analyses:
GC/FID analysis was carried out using a Perkin Elmer (Norwalk, CT, USA) model 8500 GC equipped with a 30 m × 0.32 mm × 0.32 μm, Elite-5MS capillary column. Samples (0.2 μL) were injected in the "splitless" mode with a column temperature programme of 70°C (5 min), increased to 250°C at 10°C/min and then increased at 4°C/min to 320°C (10 min). Injector and detector were set at 300 and 320°C, respectively; carrier gas was He with a head pressure of 12.0 psi.
GC/MS analysis was carried out using a Perkin Elmer Clarus 500 GC equipped with a MS detector and a 30 m × 0.25 mm × 0.5 μm Elite-5MS capillary column using the same chromatographic conditions as for GC/FID. Samples (0.2 μL) were injected in the "split" mode (1:30). Mass spectra were acquired over 50-700 amu range at 1 scan/sec with ionizing electron energy 70 eV. The transfer line was set at 300°C; carrier gas was He at 1.2 mL/min.
Quantification: Calibration curves were constructed for biochanin A and genistein in the range 0.05-5.0 mg/mL and for formononetin in the range 0.05-3.0 mg/mL. Standards were treated in the same way as for samples. Three replicates of each standard concentration level were prepared and injected.
